Extensive linkage disequilibrium among classical laboratory strains represents an obstacle in the high-resolution haplotype mapping of mouse quantitative trait loci (QTL).
INTRODUCTION
The sequence of the mouse genome (WATERSTON et al. 2002) is based on the classical laboratory mouse strain C57BL/6J (henceforth B6). A fairly complete sequence based on a few other classical laboratory ("Celera") strains (129X1/SvJ, 129S1/SvImJ, A/J, DBA/2J) is also available (MURAL et al. 2002) . Resequencing of other mouse strains revealed single nucleotide polymorphisms (SNPs); (WADE et al. 2002; WILTSHIRE et al. 2003; ZHANG et al. 2004; FRAZER et al. 2004; FRAZER et al. 2007 ). Regions of low (0.5 per 10 kilobase pairs (kb)) and high (40 per 10 kb) SNP density were identified, covering roughly one and two thirds of the genome of the laboratory strains, respectively (WADE et al. 2002) . The low-density SNP regions were interpreted as coming from the same subspecies, mostly either M. m. domesticus (Mmd) or M.
m. musculus (Mmmu) , and the high-density regions as originating from different subspecies.
Detailed analyses of millions of Perlegen SNPs revealed that 65-92% of the genome of classical laboratory strains is of Mmd origin (YANG et al. 2007; FRAZER et al. 2007) . Mouse haplotypes, the arrangements of alleles along chromosomes, can be described with the help of Strain Distribution Patterns (SDPs, the patterns of allelic differences and similarities among strains at a locus; GRUPE et al. 2001; YALCIN et al. 2004) . The number of SDPs is indirectly proportional to haplotype blocks, regions limited by historical recombination. The length of haplotype blocks was estimated to be a few hundreds kb to a few megabase pairs in the laboratory mouse (WADE et al. 2002; YALCIN et al. 2004; LIU et al. 2007) . A haplotype study that used multiple wild-derived Mus musculus strains (IDERAABDULLAH et al. 2004) has revealed more SDPs than in the laboratory mouse, suggesting shorter haplotype blocks. The length of the haplotype blocks in wild mouse is currently unknown, although an estimate from a screening of wild Mmd from Arizona places it under 100 kb (LAURIE et al. 2007) .
Recent studies have shown that the human haplotype blocks extend usually over tens of kb (INTERNATIONAL HAPMAP CONSORTIUM 2005) . The haplotype blocks are defined in human studies as regions of high linkage disequilibrium (LD) and seem to be delineated by recombination hot 5 spots (JEFFREYS et al. 2001) . LD is the non-random association of alleles at tightly linked loci.
There are several ways to compute the haplotype blocks (BARRETT et al. 2005) . Data on human haplotypes and LD across the human genome are of interest in whole-genome association studies.
Working with the mouse, Wade and coworkers (WADE et al. 2002) proposed to use haplotype maps to narrow down the region of interest in positional and QTL cloning experiments. Positional and QTL cloning use the genome localization information to identify the gene(s) responsible for a particular trait. Haplotype-associated mapping (HAM, also called in silico cloning) can be used to identify QTL loci genome-wide by association of haplotypes with phenotypes (GRUPE et al. 2001; PLETCHER et al. 2004) . Interval-specific haplotype analysis has been used to narrow down QTL regions by excluding DNA intervals identical by descent (DIPETRILLO et al. 2005 for a review). However, high-resolution haplotype mapping of mouse traits is precluded by high LD within the classical laboratory strains. Knowledge of the haplotype maps is therefore a useful tool not only to model factors shaping the LD in human genome, but also to aid cloning genes of biomedical interest.
Our goal is the positional cloning of the Hybrid sterility 1 (Hst1) gene on mouse chromosome 17 (Chr17; FOREJT and IVANYI 1975; TRACHTULEC et al. 1994; GREGOROVA et al. 1996; TRACHTULEC et al. 1997a,b; TRACHTULEC and FOREJT 1999; TRACHTULEC and FOREJT 2001; TRACHTULEC et al. 2005) . The gene participates in a breakdown of spermatogenesis in hybrids between some classical laboratory strains (AKR/J, BALB/c, A/Ph, DBA/1J, and C57BL/10SnPh, henceforth B10) and certain Mmmu mice, e.g. of the PWD/Ph strain. Other classical laboratory strains (CBA/J, P/J, and C3H/DiSnPh, henceforth C3H) produce fertile hybrid males with these Mmmu mice (FOREJT and IVANYI 1975) .
The proximal third of Chr17, also called the t-complex, was first identified as a tail length modifier (SCHIMENTI 2000 for a review). In wild mouse population, it occurs in two forms, the wild type and the t-haplotype. The t-chromosomes are transmitted from heterozygous males in non-
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Mendelian ratios (LYON 2003) . The t-haplotypes, which occur both in Mmd and Mmmu, contain at least four large inversions (HERRMANN et al. 1986; ARTZT et al. 1991) . The inversions suppress recombination between the wild type and the t-chromosomes, leading to the accumulation of mutations in the t-haplotypes. Consequently, homozygosity causes embryonic lethality or male sterility (LYON 2003) . However, the t-sterility appears to be distinct from the Hst1-type of hybrid sterility, as the Hst1 allele does not affect the transmission ratio distortion and all t-chromosomes tested produce fertile hybrid males when outcrossed to Mmmu (FOREJT and IVANYI 1975) .
The Hst1 gene was mapped by genetic markers to a 360-kb region of the t-complex on our BC1((B10-T x C3H)-T x B10) cross (TRACHTULEC et al. 2005) . Large rearrangements in the Hst1 region were excluded by restriction mapping of B6 and C3H yeast artificial chromosomes and genomic DNAs (TRACHTULEC et al. 1994; TRACHTULEC et al. 1997b) , as well as by mapping and sequencing of 129S1/SvImJ bacterial artificial chromosomes (BACs, TRACHTULEC et al. 2005) . Also, no copy number variation of this region was detected by Comparative Genomic Hybridization of 41 mouse strains (including wild-derived, CUTLER et al. 2007) . Sequencing of six genes and tens of conserved stretches from this region has not yet identified the Hst1 candidate mutation, although some differences were found between the B10 and C3H strains. We therefore decided to use these polymorphisms for a haplotype analysis to aid the cloning of the Hst1 gene and to learn about the properties and history of the surrounding DNA. Our results provide the first detailed haplotype map of wild Mmd. Although the map is limited to the 250-kb region, our conclusions are likely to be useful for other projects carried out in single-copy regions of the mouse genome. and fluorescent di-dNTPs were added, and the sequencing reactions were cycled in a thermocycler. Unincorporated di-dNTPs were removed by ethanol precipitation or by filtration through a column. The reactions were then loaded into a capillary sequencer (ABI or Beckman).
MATERIALS AND METHODS

Mice
The sequences were aligned, the raw data were inspected for differences with the help of the program GeneSkipper followed by manual editing, and the results entered into an MS Excel sheet. Haplotype blocks were computed in the program Haploview (version 3.32, BARRETT et al. 2005) with default values. Phylogenetic analysis was performed using Phylo_win (GALTIER et al. 1996) . Microsatellites were scored on 5% agarose, rearrangements on 1-2% agarose.
RESULTS
Pilot experiment:
We first constructed a longer-range haplotype map of the Hst1 region on mouse Chr17. By sequencing genes and other conserved DNA from the region, a total of about 50 kb, we identified SNP differences between the B10 and C3H strains in seven loci. These loci encompassed 13 SNPs across the 252-kb region, three single-nucleotide insertions/deletions (SN indels), and one deletion of three nucleotides (nt). The two strains thus differed by about three SNPs per 10 kb. The average distance between the loci was 40 kb. To obtain a haplotype map, the seven loci polymorphic between B10 and C3H were resequenced from 70 other chromosomes. In addition to the seven SNP loci, two loci polymorphic between B10 and 129S2/SvPas, two polymorphic microsatellites, and five rearrangements from the 252-kb region were typed on our panel, increasing its average resolution to one locus per 16 kb. Assays for seven of these loci, including the outermost SNPs, were tested on our [(B10-T x C3H)T x B10] backcross panel (GREGOROVA et al. 1996) . All loci co-segregated with Hst1 in all backcross animals tested.
All mice and strains are listed in Materials and Methods, detailed descriptions appear in Supplemental Resequencing results: To obtain a haplotype map, polymorphisms with a sufficient minor allele frequency (MAF) in wild mouse are necessary. Due to the low number of these differences in our pilot set, we performed additional sequencing of the region from the C3H strain, this time from randomly selected subclones. Loci polymorphic between C3H and B6 or "Celera" strains were then resequenced in other selected strains and wild-derived mice. In total, we resequenced 13 kb of sequence in 33 loci from a mean of 42 chromosomes. Twenty-four new SNPs were found in non-classical laboratory and wild(-derived) Mmd mice (about 2 per kb of sequence) and they had a low MAF. Altogether, half of the SNPs polymorphic among laboratory strains had MAF>15% in wild Mmd mice.
In total, we obtained over 500 kb of sequence in almost 1400 reads. We discovered a total of 346 SNPs, five microsatellite variants, 14 SN indels, and 14 rearrangements of over 2 nt.
There were 2.8-times more transitions (Ti) than transversions (Tv), a ratio similar to previously published results (Ti/Tv=2.5, IDERAABDULLAH et al. 2004) . We reconstructed the history of the Hst1 region by phylogenetic analysis (Figure 1 Tables 1 and 2 ).
Distinct haplotypes for some mouse subspecies and t-haplotypes:
To construct a haplotype map, we needed to know whether we could pool data from different M. m. subspecies.
We found only two SNPs that distinguish Mmmu from Mmmo in our region, which comprise only a few percent of SNPs segregating in Mmmu (henceforth Mmm designates both M. m. musculus and molossinus). When comparing Mmm to Mmd, we found about eight fixed and two segregating SNPs per kb of sequence. Trans-species SNPs (the same differences polymorphic in two or more subspecies) were rare (6%) between wild-derived Mmd (average of 25 sequenced chromosomes) and Mmm (8 chromosomes). Moreover, the structure of even very tightly linked SNPs was mosaic (as there would be no LD) in these inter-subspecific
comparisons (Suppl. Tables 1 and 2). These results indicate that the haplotypes in Mmmu and
Mmd are different from each other in the Hst1 region.
The investigated region of Chr17 is located in the third inversion of the t-haplotypes (ARTZT et al. 1991; TRACHTULEC et al. 1994) . We found 28 t-specific SNPs (2.2 per kb, Ti/Tv=1.8).
Most SNPs segregating in either Mmm or Mmd were fixed in the three t-chromosomes tested and the structure of these polymorphisms was mostly mosaic compared to both Mmd and Mmm. Table 2 ). Because the remaining four loci mapped close to one of the 22 loci, they were resequenced from only a limited number of chromosomes to confirm or refine the haplotype blocks (Supplemental Table 2 ). The number of new haplotypes in wild-derived Mmd increased, while the number of haplotypes in laboratory strains remained the same.
To compute haplotype blocks, we employed three methods currently used in human genetics 
Rearrangements and M. m. domesticus haplotypes:
To determine the usefulness of rearrangements for haplotype mapping, we have inspected our data for insertions, deletions, and inversions. We excluded microsatellite variation, defining microsatellites as described previously (IDERAABDULLAH et al. 2004) . Of nine SN indels found in the laboratory strains, four had MAF>10% in the wild-derived Mmd, with a rate 44% similar to the rate for SNPs, and corresponded well with the SNP-based haplotype map. Our sequences also encompassed two
Mmd rearrangements of ≥ 3 nt. We also found five rearrangements of over 3 nt by Representational Difference Analysis (LISITSYN AND WIGLER 1993) using B6 and C3H clones covering the Hst1 region. We then screened the rearrangements by PCR in other strains and mice (Supplemental Table 1 
DISCUSSION
Our Mmd mouse haplotype map indicates that the long haplotype blocks in the classical laboratory strains are due to a limited number of chromosomes that entered the inbreeding process of these strains, as has been suggested (IDERAABDULLAH et al. 2004; WADE et al. 2002; WILTSHIRE et al. 2003) . However, the number of chromosomes in the initial stock was probably higher than previously indicated (WADE et al. 2002) , as in the 14 classical strains that we analyzed there are three haplotypes in the Hst1 region and seven H2 haplotypes unlikely to have arisen by recombination. Complex haplotypes also help explain the distribution of SNPs along Chr1 (YALCIN et al. 2004 ) and other regions (FRAZER et al. 2004) . The length of haplotype blocks is much shorter in most of the wild(-derived) mice and some non-classical laboratory strains, resembling the size of haplotype blocks found in human. The wild mice and wild-derived strains can therefore serve as a model to investigate the properties of human haplotypes.
Ten mouse classical laboratory strains that produce sterile hybrid males with Mmmu share two haplotypes in the co-segregating region, while five strains with the third haplotype produce fertile hybrids. The haplotype analysis of laboratory strains thus confirms our backcross data. The Hst1 region could not be reduced by typing other classical strains, as there is a lack of haplotype breakpoints in the 252-kb region. We are therefore testing the non-classical and wildderived Mmd strains for Hst1 in an attempt to narrow the Hst1 candidate region by intervalspecific haplotype analysis beyond the resolution achieved with 1500 backcross mice.
The resequencing of multiple mice of different (sub)species allowed us to determine the origin of the alleles in all mouse strains. All haplotypes of the classical strains, as well as in most non-classical inbreds, were of Mmd origin. Half of the SNPs polymorphic among laboratory strains had MAF>15% in wild Mmd mice. In wild Mmd mice from Arizona, one half to two thirds of classical strain SNPs had MAF>5% (LAURIE et al. 2007 ).
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The comparison of Mmd and Mmm revealed a density of about ten SNPs per kb. This number agrees with previous studies that compared the B6 sequence pair-wise with random sequences of one of two wild-derived Mmm strains, MSM/Ms (ABE et al. 2004) or PWD/Ph (JANSA et al. 2005) . We also show that up to 80% of the differences are fixed. This result suggests that genotyping of mouse strains without sufficiently deep resequencing of wild mice of multiple subspecies can still be useful to discern the Mmmu and Mmd origin, but not the particular subspecific haplotype. Thus, many SNPs discovered in laboratory strains will be useless for typing other mouse (sub)species and vice versa (YANG et al. 2007) . Excluding
Mmmu-derived strains from haplotype and in silico/HAM analysis results in improved signal (LIU et al. 2007; PAYSEUR and PLACE 2007) , suggesting that not just our region carries haplotypes distinct for Mmm and Mmd. In natural conditions, Mmmu and Mmd have occupied distinct geographical areas for a long time, and therefore unique haplotypes for both subspecies are expected.
Our data carry other important implications for projects of positional and QTL cloning in the mouse. Only some of the classical laboratory strains have megabase-sized haplotype blocks, and thus more detailed SNP mapping will be required for other strains, especially for the recently derived wild strains, to reach a resolution useful for QTL cloning studies. Typing of the strains with long haplotypes can be used to exclude large regions of a chromosome, while typing of wild-derived strains may help narrowing down the defined candidate region beyond thousands of recombinants. Although whole-genome haplotype maps useful for wild-Mmd-derived mouse strains would require many more SNPs than it is now affordable, these analyses could be made feasible by resequencing of only the particular region just from the relevant (phenotyped) strains.
It should be noted that these approaches apply only provided that the same single gene in the given chromosomal region is responsible for the phenotype of interest. Thus, the use of mouse crosses cannot be omitted.
The suitability of a wild Mmd mouse population for whole-genome HAM has been suggested recently (LAURIE et al. 2007) . While this approach could improve the mapping resolution reached with laboratory strains, one of its disadvantages is that only a limited number of phenotypes can be obtained per single genotyped animal. Laurie and colleagues estimated that about half of the traits found in the classical laboratory strains are also present in their population of Arizona mice and a similar number is expected for wild-Mmd-derived strains. While the number may seem low, for many QTLs it is desirable to determine whether they also occur in the wild (e.g., traits affecting fitness).
Trans-species polymorphisms were rare in our region (about 6% between Mmm and Mmd). In a recent study (IDERAABDULLAH et al. 2004 Knowledge of the properties of non-microsatellite rearrangements is also important for QTL cloning. While SN indels had similar properties as SNPs in our region, only one of seven rearrangements ≥ 3 nt corresponded to SNP-based haplotypes in the wild Mmd. Our data suggest that longer rearrangements could be useful as markers for haplotype analysis only in classical laboratory strains, a conclusion previously reached for microsatellites (PLETCHER et al. 2004 ). However, many copy number variations in the genomes of the laboratory strains are the results of recurrent mutations (EGAN et al. 2007 ).
Although there is a little overlap between the location of human and chimpanzee recombination hot spots, there are homologous regions of strong LD in both human and chimp (PTAK et al. 2005; WINCKLER et al. 2005) . A comparison of haplotype blocks of a megabase region from human, rat, and laboratory mouse revealed a tendency to encompass entire genes (GURYEV et al. 2006) . This feature appears to be general in the human genome (EBERLE et al. 2006 ). In the Hst1 region, the lengths of the haplotype blocks deduced from 36 domesticus chromosomes of independent origin are on the order of tens of kb. The largest Mmd haplotype block encompasses three genes of a highly conserved synteny Psmb1, Tbp, and Pdcd2 (TRACHTULEC et al. 1997a; TRACHTULEC and FOREJT 2001; TRACHTULEC et al. 2004; MIHOLA et al. 2007 ). The human region on 6qter carrying the orthologs of these three genes in the same order and orientation also has a high LD (INTERNATIONAL HAPMAP CONSORTIUM, 2005; CHISTIAKOV et al. 2005; PAYNE et al. 2005) . These three genes map to the same domain carrying a unique pattern of histone modifications in both human (BARSKI et al. 2007 ) and mouse (MIKKELSEN et al. 2007 ).
An antisense overlap of alternative mRNAs of Tbp and Pdcd2 is conserved in chicken and may regulate the transcription of the Pdcd2 gene, suggesting a function for the conserved linkage (MIHOLA et al. 2007) . It remains to be investigated whether a strong LD in regions carrying multiple genes of conserved synteny applies to mammalian genomes in general. 
